Characterisations of the long-term behaviour of heart rate variability in humans have emerged in the last few years as promising candidates to became clinically significant tools. We present two different statistical analyses of long time recordings of the heart rate variation in the Eastern Oyster. The circulatory system of this marine mollusk has important anatomical and physiological dissimilitudes in comparison to that of humans and it is exposed to dramatically different environmental influences. Our results resemble those previously obtained in humans. This suggests that in spite of the discrepancies, the mechanisms of long-term cardiac control on both systems share a common underlying dynamic.
Introduction
The change with time in the size of the interval between two consecutive heartbeats is called heart rate variability (HRV). There are many (not necessarily independent) sources of HRV in people (1)- (4) , but the variations are largely controlled by the autonomic nervous system through the action of both the sympathetic and the parasympathetic branches, while the main mechanical influences are respiration and blood pressure.
It has been found that long-term HRV shows 1/f noise (5) . This behaviour is found in many dynamical systems and draw attention to long-term HRV.
The detrended fluctuation analysis (DFA) was introduced by Peng et al. (6) to study the long-range correlations found in HRV (7) . A cross-over was identified around a scale of 10 beats in all healthy subjects, signalling a change of dynamics when going from short to long time scales. Since then DFA has been used to characterise HRV in healthy conditions and in the presence of heart disease (8)- (13) . Another promising approach is the analysis of HRV using wavelets, which is a mathematical technique specifically suited to analyse nonstationary series. The wavelet transform extracts the cumulative amplitudes of fluctuations of data at each point in time for a given scale (14) . Ivanov et al. (15) presented the cumulative variation amplitude analysis (CVAA), where the inter-beat series were treated with consecutive wavelet and Hilbert transforms and an instantaneous amplitude is assigned to each inter-beat interval.
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instantaneous amplitudes at all scales and for all the healthy subjects in the study. Further studies using wavelets on long-term recordings have explored the possibility to define methods which could be used as markers of heart disease (16)- (20) .
The DFA and CVAA results suggest that there are intrinsic unknown dynamics underlying the long-term behaviour of the healthy human heart. It has been shown by Hausdorff and Peng (21) that it is extremely unlikely that the emergence of these complex patterns is due to having a system of many different independent influences each with their own timescale. The question of the origin of the universal long-term behaviour of HRV remains open.
In this article we present DFA and CVAA studies of long-term HRV in the Eastern Oyster in conditions resembling those of their natural habitat (22) . In the first section, the circulatory system of the oyster is briefly described. The basic components of the system designed for the monitoring and acquisition of the heartbeat data are also presented. In the second section, the mathematical principles of DFA and CVAA are reviewed and then applied to the analysis of the oyster's heartbeat data. In the last section, the conclusions and some general remarks are given.
2 The system under study
The Eastern Oyster
The Eastern Oyster is a fairly well studied mollusk (23; 24) which lives in coastal waters and lagoons from Canada to Mexico. It has an open circula-tory system, i.e., the blood moves not only in the arteries and veins but also throughout the tissues. There are two accessory hearts which beat a couple of times per minute, independently from the principal heart. The main heart has three chambers. The two auricles receive the blood from the gills and send it, about half a second later, to the ventricle. The automatism of the heart is of a diffuse nature and contractions originate at any point of the ventricle.
Contractions are not induced by impulses from the central nervous system
and it is not known if there are any localised pacemakers. Two types of vesicles are found in the nerve endings of the myocardium, but it is not clear if they correspond to a rudimentary version of the sympathetic and parasympathetic systems (25) . The main external influences on the heart rhythm are the temperature, the level of oxygen and the salinity of water, while the main mechanical influences are the movement of the shell valves and the gills. When compared with people there is a factor of hundred in the size of the hearts, the period of respiration in the Eastern Oyster is two to three times longer and the heart beats about two times slower. The heartbeat receives perturbations from the shell valves and from the accessory hearts, which are not present in the case of the human heart. In summary all the suspected leading causes of the variability of the heart rate in people are not present or are quite different in the case of the Eastern Oyster.
The measurements
The experimental set-up was composed of a low-power laser diode, a fibre optic bundle, a photo-diode and the data acquisition and monitoring sys- We have studied a set of six oysters with a uniform size of 7 cm and with a relatively thin section of the shell on top of the heart. Some of the oysters were measured several times, having as a result a set of 15 time series. There were at least 12 hours between measurements on the same mollusk. The oysters were kept in a big water tank under conditions resembling those of their natural habitat. A short time before the measurements, they were transfered to a small recipient on the focus of the optical set up. A system of pumps kept the water circulating and passing through other containers where the water was filtered and where the salinity, and temperature were controlled.
The analyses
The analyses shown below were performed on each of the inter-beat time 
Detrended Fluctuation Analysis
The detrended fluctuation analysis is a technique that permits to identify longrange correlations in non-stationary time series. As commented in Ref. (29),
DFA has been applied to the study of a broad range of systems, such as the human gait, DNA sequences, the heartbeat dynamics, the weather, and even in economics. Specially, in the analysis of natural inter-beat heartbeat fluctuation, DFA has helped to discriminate healthy from heart diseased humans.
It has provided also, a quantitative difference between old and young people.
Several works show the robustness of DFA, although improvements are still being done (30) . DFA is a simple yet powerful tool for studying physiological data.
The DFA is as follows (6) . Let x(i) be a time series. Then (i) integrate x(i),
(ii) divide the time series in n equal amplitude intervals, (iii) in each box of width n do a polynomial fit of order l (it defines DFA-l analysis): s for several box widths to find the functional relation between F (n) and n.
The presence of scaling in the original signal produces a straight line in a double log plot of F (n) versus n. If the slope, α, is 0.5, the data is uncorrelated and corresponds to a random walk (31) . A slope between 0.5 and 1 signals the presence of a long-range power law, where α = 1 corresponds to 1/f noise (32) . For a slope bigger than 1, the correlations no longer correspond to a power law. A value of 1.5 indicates Brownian noise (33) . Healthy people have a slope of 1.5 for values of n less than 10 beats, and a slope of 1 for time scales between 100 and 10000 beats (6).
Using DFA-1 we found (Fig. 3 ) that all the oysters in our study present 1/f noise behaviour for scales above log(n) ≈ 2.5, corresponding to ≈ 300 beats.
The average slope in this region is α 2 = 1.08 ± 0.14 where the error is the standard deviation of all the samples. For shorter time scales, between 10 and 100 beats, a slope α 1 = 0.61 ± 0.04 is found. The slope at even shorter scales (log(n) < 1) is also close to 1 in all cases, but the DFA method has potentially large intrinsic systematic effects in this range (29) , making it difficult to extract reliable information. We found the same variation in the results from measurement to measurement when comparing different sets from the same oyster and sets of data from different oysters (see Table 1 ). It is interesting to note that the respiration and the accessory hearts have independent oscillations with periods around 20 to 40 beats. In contrast, the shell valves present intermittent activity but, when active, the period is also in the 20-30 beats range. These complex perturbations on the oyster's heartbeat could be the source of the α 1 slope at short time scales (34; 35) . To discard the possibility that polynomial trends could be the source of the cross-over (35) obtained in this work, we performed analyses of oyster's heartbeat using DFA-l for l = 2, 3, 4, and found in each case a cross-over approximately in the same region indicated by DFA-1, although α 2 decreased down to 20% while α 1 keeping its same value.
Cumulative Variation Amplitude Analysis
We also analysed our measurements using CVAA. This technique that is based on consecutive wavelet and Hilbert transforms was applied for the first time in the study of natural heartbeat fluctuation. It was found that a common Gamma distribution characterises a group of healthy people. On the other hand, in the case of a group of people suffering sleep apnea, it was found that such data collapse does not happens. Even more, in some cases it was not possible to get a Gamma distribution (15) . In general, a Gamma distribution is characteristic of physical systems out of equilibrium. Hence, the results previously commented suggest that the heartbeat in healthy people owns an intrinsic underlying dynamics. 
nally, the histogram of these amplitudes is normalised to 1 to form a probability distribution, P (x), which is then re-scaled such that x → xP max and
Remarkably, we found that each distribution of instantaneous amplitudes is fitted by a Gamma distribution (15) (Fig. 4a) . Furthermore, as in the case of healthy people, the distributions for all the oysters in the study are well described by the same Gamma distribution (Fig. 4b) , i.e., there is a common parameter ν (36) which describes the normalised distribution of instantaneous amplitudes from any oyster. This behaviour is found at scales 2 3,4,5,6 and for all the wavelets analysed (37): Daubechies (moments 3-10), Gaussian (moments 3-10), Meyer, Morlet, and B-spline Biorthogonals (decomposition moments 1 and 3). The results obtained for the parameters of the Gamma distributions were all very similar. As an example of the robustness of our results, in Table 2 are shown the values of the parameters of the fits to the Gamma distributions performed with orthogonal, biorthogonal, and non-orthogonal wavelets.
The numerical value for the ν parameter in the Eastern Oyster is ν = 1.0 ±0.2 which is slightly lower than the value of ν = 1.4 ± 0.1 found for healthy people during sleep hours by Ivanov et al. using Gaussian wavelets (15).
Conclusions
Using the DFA and CVAA methods we find long-range correlations and scaling in the long-term HRV of the Eastern Oyster. DFA shows 1/f noise behaviour at large scales and a cross-over to a smaller slope for scales of the order of 300 beats for all oysters in the study. The cross-over happens at a scale well above the region where DFA presents some bias. The source of the cross-over seems to be the result of the complex interactions between the components of the circulatory system of the Eastern Oyster. Models of this phenomena such as polynomial trends added linearly to a correlated signal do not seem to apply to the case of the Eastern Oyster.
With CVAA we find that all oyster records collapse to a Gamma distribution with the same numerical value of the ν parameter, ν ≈ 1, for a wide variety of wavelets and scales. These results are remarkably similar to those previously reported in the study of healthy people, in spite of the fact that the circulatory system of the Eastern Oyster and the influences it is exposed to are dramatically different from those in the case of people, pointing thus to an intrinsic origin of these complex patterns. Characterisations of long-term HRV are promising candidates for clinical prognostic tools making it vital to understand its origin in order to exploit fully this type of techniques. Our results pose stringent constrains and offer new hints and challenges to models attempting to describe the long-term dynamics of the heart.
where ν is a real positive integer and u = ν/x 0 , where x 0 localises the peak of the distribution.
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